I. INTRODUCTION
This report describes the results from a preliminary analysis of an elastic electron-proton scattering experiment, performed at the Stanford Linear Accelerator Center. The experiment is being carried out by a collaboration of physicists from SLAC, Cal Tech, and M.I. T. * The preceding paper by G. Weber has summarized the data on proton form factors obtained from other accelerators at momentum transfers squared (qz) UP to 10 (GeV/c)2.
We have measured cross sections for e-p scattering in the range of q2 from 0.7 to 25.0 (GeV/c) 2 , providing a large region of overlap with previous measurements.
In this experiment we measure the cross section by observing electrons scattered from a beam passing through a liquid hydrogen target. The scattered particles are momentum analyzed by a magnetic spectrometer and identified as electrons in a total absorption shower counter.
Data have been obtained with primary electron energies from 4.0 to 17.8 GeV and at scattering angles from 12.5 to 35.0 degrees. In general, only one measurement of a cross section has been made at each momentum transfer.
Ln these circumstances, separation of the electric and magnetic form factors (GE and GM) cannot be made from our data. However, since the relation GE = GM/p has been shown to hold at low momentum transfers and the contribution of GE to the cross section falls off rapidly with increasing q2, we are able to indicate the behavior of the magnetic form factor at high momentum transfers.
II. THE EXPERIMENTAL EQUIPMENT
A general layout of the beam line from the accelerator to the target area (end station A) is shown in Fig. 1 . The primary electron beam is momentum analyzed and transported to the target by a magneto-optic system in the beam switchyard. A simplified drawing of this system is shown in Fig. 2 . The beam is collimated and passed through the first bending magnet (BMl) and then through momentum defining slits (S). Quadrupoles image the collimator on the slits. The slits may be adjusted to define a momentum pass band (Ap/p) in the range 0.1 -2.5%, and the transmitted beam is then focussed onto the target.
The focussing is achromatic.
The momentum spread of the beam used in the experiment was generally less than 0.5% to maintain kinematic separation between the elastic peak and inelastic threshold.
Precise knowledge of the initial electron energy is required, since the cross section varies rapidly with energy. Extensive magnetic measurements and precision surveying allow this energy to be fixed to better than 0.5%. This uncertainty introduces less than 3% error in our cross sections.
The analyzed beam emerges into the larger of the two SLAC end stations through a heavy shielding wall (as in Fig. 1 ). By adjusting upstream steering coils and monitoring the position of the beam on two fluorescent screens one can align and position the beam at the target to within about 1 mm. This defines the direction of the incident beam to better than 0.1 mr . To minimize backgrounds arising from the disposal of the beam during data runs, the beam is taken through the end station to the beam dump located approximately two hundred feet behind the target area.
A plan view of the equipment near the target is shown in Fig. 3 . The incident electron beam current is monitored using a toroid-transformer and two thin-foil secondary emission monitors.
The Faraday cupl, is used for regular intercalibrations of the monitors, and can be remotely removed from the beam line during data runs.
Electrons which scatter from the liquid hydr%gen target are momentum analyzed using the SLAC 8 GeV/c magnetic spectrometer.
The spectrometer consists of two bending magnets (Bl and B2), three quadrupoles (Ql -3)) and detectors (hodoscopes and a n-e discriminator, which includes a total absorption shower counter) mounted on a rigid frame which can be rotated about a vertical axis passing through the target. An elevation view is seen in Fig. 4 . A heavy concrete and iron shield surrounds the detectors and is supported separately from the frame holding the magnets and detectors.
The design parameters of the spectrometer are listed in Table I , and the spectrometer optics are illustrated in Fig. 5 . The vertical (momentum dispersing) plane has point-to-point focussing, and a detector hodoscope at the p-focal plane defines the momentum (Ap/p) to f 0.05%. Parallel-to-point focussing in the horizontal plane allows the use of a long target, and a hodoscope defines the scattering angle (0) to f 0.15 mr in the e-focal plane. We require this precision in the angular information because the momentum of elastically scattered particles varies with the scattering angle by much more than a momentum resolution width over the angular acceptance of the spectrometer.
An astigmatic focus serves to separate the p and 8 foci by 0.5 m, so that the detector hodoscopes may be conveniently located. The momentum focal plane is tipped forward at an angle of 140 to the central ray by chromatic aberrations in the quadrupoles.
The accelerator beam was used to trace out orbits in the spectrometer, and the results were in good agreement with computer calculations. Figure 6 shows the calculated and measured acceptance apertures of the spectrometer for particles from the center of the target with the spectrometer set to the momentum of the incident electron beam. Figure 7 shows a simplified schematic of the detector system. Two arrays of scintillation counters are used to locate a particle in the p-and e-focal planes. The e-array has 55 overlapping counters covering an angular range of 16 mr, and the p-array has 41 overlapping counters covering a total of 4% in Ap/p. These arrays are bracketed by trigger counters. The rest of the detector system in Fig. 7 are elements of an elaborate n-e discriminator.
Particle identification in this experiment was made using only the total absorption shower counter. The requirement of a reasonable pulse-height in this counter reduced background events in the hodoscopes to levels below the statistical accuracy of our measurements. Additional information, such as from three dE/dx counters and anti-counters, is available, but has not been used in the analysis of the experiment to date.
Data recording, diagnostics, and control of a large fraction of the experimental equipment is performed on-line using an SDS-9300 digital computer, which is large enough to provide extensive on-line analysis of the data. A simplified diagram of the detector logic is given in Fig. 8 . A fast coincidence between the trigger counters defines an "event" and generates a "master trigger" which gates the discriminated outputs of each counter in the hodoscopes into temporary buffer storage and initiates pulse height analysis of the dE/dx and total absorption counters. The "master trigger" also generates an interrupt signal to the computer to allow it to accept the data stored in temporary storage. An "event" requires twelve 24-bit words of computer storage which contain coded information such as the state of all the momentum, angle and anti-counters, pulse-heights in the dE/dx and total absorption counters and miscellaneous singles and coincidence conditions applying to the event. The computer writes blocks of events onto magnetic tape and, as time permits, samples the incoming events for on-line analysis. The online analysis is comparable in scope to the final off-line analysis, and together with a powerful set of display programs for the scope, provides a thorough monitoring of the data and the equipment.
For a data run at a given spectrometer angle, the computer sets the spectrometer magnets to the expected momentum of the elastically scattered electrons.
As an event is sampled on-line, the values of p and 8 are calculated from the hodoscope counters which fired. The missing mass of the recoil particle is then calculated assuming a two-body reaction.
For elastic scattering this mass should correspond to the mass of the proton. Resolution and radiative effects smear out the observed peak.
Illustrating the kind of information available from the computer, Fig. 9 shows the scope display for a single event. The grids to the left of the figure indicate the scintillation counters in the o-array ("theta") and p-array ("mom") e The path of the scattered electron is shown by the intense spots, which indicate two overlapping adjacent counters in each array. The "picket fence" is from a coarse hodoscope in the r-e discriminator which has not been used in this experiment. The pulse heights in each of the dE/dx counters and in the total absorption counter are indicated both as channel numbers and by lines of length proportional to pulse height in the lower right of the figure.
. Figure 10 is a pulse height spectrum for the total absorption counter. This data is from a run at q2 = 2.5 (GeV/c)2 where the total number of events is given at the top of the figure (14,049)) and the peak in the spectrum corresponds to electrons of 8 GeV/c. If we demand that all "good events" (electrons) have a pulse height greater than channel 100 in this counter we will suppress most of the pions and other background particles and yet lose only a negligible fraction of events from the electron shower. The p-8 plane distribution for these "good events" is shown in Fig. 11 , where 11,542 events satisfied the pulse height requirement. The angle counters are displayed along the x-axis and the momentum along the y-axis.
Due to kinematics the elastic peak lies along a line which is tilted with respect to the p-counters.
The elastic peak and radiative tail are clearly seen. There are a few events in the upper half of the plane which are kinematically FIG. 10 --A pulse height spectrum of the total absorption shower counter. The peak corresponds to 8 GeV/c electrons.
FIG. 11 --A distribution of "good events!' in the p-0 plane for a run at q2 = 2.5 (GeV/c)2. The e-counters are displayed along the x-axis and the p-counters along the y-axis.
The elastic peak and radiative tail are clearly seen.
forbidden for elastic scattering from the proton, and these can be subtracted out with "target empty" runs. For each event in Fig, 11 the missing mass is calculated and the distribution is displayed, as in Fig. 12 . The missing mass plot shows the customary shape of an elastic peak with a radiative tail towards higher missing masses (lower scattered electron energy). The elastic peak occurs at 970 rather than at 938 MeV because of 0.5% difference in momentum calibration between the spectrometer and the beam switchyard.
(In our analysis, we have assumed that the switchyard value of momentum is correct.)
All displays can also be obtained on the line printer. Figure 13 shows a missing massing plot in this display mode.
The effectiveness of the discrimination between electrons and background particles is illustrated in Fig. 14 , where the distribution of events as a function both of total absorption counter pulse height (x-axis) and missing mass (y-axis) is shown. The elastic electron peak clearly stands out from the unwanted background which does not have the typical "elastic" shape in missing mass.
III. EXPERIMENTAL RESULTS
In selecting the data points we were limited to a maximum primary electron energy (E) of 18 GeV during this period of machine running. Another restriction is the limit of closest approach of the 8 GeV/c spectrometer to the beam, which corresponds to a data point scattering angle (0) of about 12 degrees. Figure 15 shows the points in the E -8 plane where we have taken data. The limits of maximum E and minimum 0 are shown as broken lines in the figure, and the solid lines indicate the values of E and 8 for constant scattered momenta (P) and constant four momentum transfers squared (q2) . Most of the data have been taken at a maximum counting rate consistent with these constraints.
The cross sections measured vary from around 10B31 cm2/ster at the highest q2. is the number of events in the region of the elastic peak from the missing mass spectra (Fig.12) . Subtractions for target windows have been made either by runs on a dummy target, or by scaling the number of events above the kinematic limit into the region of the elastic peak.
is the number of incident electrons measured by the transformertoroid, which is regularly calibrated against the Faraday cup.
is the number of protons/cm2 for each of the three targets used (14.7, 27.6, and 31.7 cm). The density of liquid hydrogen was taken as 0.07035 gm/cm3 corresponding to the temperature and pressure of the target cell in our design. No correction has been made for bubbling in the target. 
AS2
is the solid angle calculated from beam tracing tests of the spectrometer optics.
C is to allow for several corrections to the data.
The more important corrections applied in this analysis were:
1. Radiative corrections.
These have been applied for two contributions:
a. The Schwinger effect, in which radiation due to the elastic electronproton scattering process has been calculated using the formula of Meister and Yennie. 3 We assume exponentiation of the "b " factor, which results in a multiplicative correction factor of between 1.23 -1.40 for our data.
b.
Real bremsstrahlung due to material in the path of the electrons "before" and "after" the scattering process. For the target lengths used in this experiment, this correction was large, varying from 1.19 -1.36.
2.
Electronic and computer deadtimes.
The beam intensity was adjusted to reduce the effect of electronic and computer deadtimes to less than a few percent for most of the data runs. These deadtimes were accurately monitored during the runs. In general, the efficiency of the total absorption counter was assumed to be 1.000, although an allowance was made for runs in which a significant background contribution was present just above the pulse height requirement for this counter.
3.
Event decoding.
Approximately 92% of the "good events" had unambiguous signals in the hodoscope arrays.
Of the remaining S%, approximately 5% were due to double tracks or uncertainties arising from inefficient counters in the hodoscopes. These could be recovered, and when put on the p-6 plane they reproduced the elastic peak distribution of the unambiguous events. The remaining 3% remain ambiguous at this time, but it is hoped that they will be understood with further analysis.
Our present estimates of the normalization and relative errors are shown in Table II . Some of the errors will presumably be reduced as better studies of the apparatus and further analysis of the data are accomplished.
Since in general we have only one measurement for each momentum transfer, we cannot exhibit Rosenbluth plots. In order to extract GM from our present data we must make two assumptions:
1.
the validity of the Rosenbluth relation 2. GE = GM/P. These assumptions have been verified at lower momentum transfers.$
The factor GM dominates in the Rosenbluth cross section for large momentum transfers, SO that in this region assumption (2) need be only approximately true. For example, GE = 0 would affect the values of GM by less than -4% at transfers above 5 (GeV/c)2. Table III lists the values of the cross sections and, with the above assumptions, values of GM/p obtained in this preliminary analysis.
IV. COMPARISON OF RESULTS WITH THEORY
In Fig. 16 , our values from the dipole model are shown plotted against q 2. The solid line is obtained where the parameter 0.71 (GeV/c)2 is obtained from a best fit to the lower energy data. 5 This model postulates two resonances of nearly equal mass near the mass of the p meson. There is no evidence that this is indeed so, and the only virtue of this model is the accuracy with which it fits the data. The lower energy data has already shown that fits utilizing the known vector mesons are unsatisfactory. 5
There have been several attempts to link the proton-proton and electron-proton scattering data. Wu and Yang conjectured6 that one could replace the transverse momentum tr tering by (q2)l "f sfer (p I ) in the Orear expression7 for large angle p-p elastic scat-2 and get an asymptotic expression for the form factors of the form GM --Bexp P The fit to our data is shown in Fig. 17 where B is taken as a constant. The lack of a fit at high q2 may be, as Wu and Yang remark, an indication that B is a function of q2. Also, it may be that we are not yet in the asymptotic region.
(3)
A recent model by Schoppe@ was fitted to the low energy e-p scattering essentially by two exponentials and his fit continues to be good when our data is added, as seen in Fig. 18 . However, this model is not so good a fit to the proton data.
Allaby, et al. ,g have recently obtained a rather spectacular fit to the proton data using exponentials of the form exp (-s sin e/g), where g is a constant for each exponential. In the preceding paper by G . Weber, the data up to 10 (GeV/c)2 were shown to be a good fit when (s sin 0) is replaced by (2 q2). In Fig. 19 , we see that the fit is not so good for the high q2 data. --to the proton-proton elastic data is compared to the SLAC electron-proton data, as described in the text. The fit is not so good at high q2 values.
where A and q0 are constants.
This form is compared to our data in Fig. 20 , where the agreement is quite good. A smaller exponent of approximately l/4 would be a better fit to the data at high q2.
The present theoretical situation with regard to the form factors is not very satisfactory.
No real understanding of the form factors is evident, and it is not yet clear whether the more restricted goal of linking e-p and p-p scattering can be accomplished in a convincing way. In this connection we would welcome further information on what variable in p-p scattering corresponds to the momentum transfer in e-p scattering. While the accuracy of GM measurements for the proton may increase somewhat as time goes on, the range will not be greatly extended for some time to come. Figure 21 is a compilation of world datall above 0.7 (GeV/c)2, including the SLAC data of this paper. We have plotted the cross section ratio (0 EXPT/oDIPOLE), which makes evident any disagreement with the dipole prediction.
The previous logarithmic plots are not so sensitive to small discrepancies.
Normalization errors (see Table II ) in our values are not shown but we do not expect them to be greater than N 6%. However, further analysis of our results is in progress, particularly in evaluating the radiative corrections which are somewhat larger in our case than in the data from other laboratories.
There appears to be definite evidence in the world data for a significant deviation from the smooth dipole fit. This deviation is in a region accessible to SLAC, DESY, and CEA, so that very soon we should have good information in this region, and hopefully better agreement between the different laboratories.
As this is the first experimental paper from SLAC at this conference it would be appropriate for me to express the gratitude which all of us involved with SLAC feel towards the people who have built and now operate this new accelerator.
We hope that the physics we can do will justify their magnificent efforts over the past several years.
Notes Added in Proof 1.
The SLAC data presented in Fig. 21 and Table III of this paper are more recent data than those presented to the conference. An improved correction for bremsstrahlung straggling has reduced the cross sections previously reported.
2.
The statement that three-pole fits based on the known vector mesons are unsatisfactory may be premature according to a preprint by V. FIG. 21 --The world elastic electron-proton cross section data" for q2 > 0.7 (GeV/c)2 and the SLAC data are compared to the dipole model prediction.
Normalization errors in the SLAC values are not shown, but these are not expected to be greater than -6%. There appears to be definite evidence i,n the data for a significant deviation from the dipole fit. R. G. Sachs, Argonne National Laboratory I want to ask what may be a rather old-fashioned question. There was a time when we used to worry about the possibility that the form factor would level off as we go to a higher momentum transfer.
In principle this would give us a measure of a significant constant: the wave-function renormalization constant for strong interactions. You did not consider this possibility in your discussion.
Of course, if the so-called dipole fit is really so good then it is obvious that you have not yet gone to high enough momentum transfer to see it levelling off. On the other hand, your last plot shows that the dipole fit is not so good. The question is whether anyone has looked into the possibility of putting in a constant term plus something which decreases to see whether some of these wiggles might smooth out a bit? G. Weber, DESY
We have tried only a small fraction of possibilities which one should consider. I think that, since there are finite errors, it is probably possible to introduce a core. I am not able to say how big it might be, but I am sure that you cannot exclude it. There is supposed to be a factor of three to come in the electron current.
W. Jentschke
Could you state the lowest counting rate which you have had?
R. E. Taylor
The lowest cross section was the run in which we had 7 counts in 24 hours.
And your target-empty rate was . . . ?
R. E. Taylor
We did not take an empty-target run at that point.
